Human papillomaviruses (HPVs) are small DNA tumor viruses that replicate and assemble exclusively in the nucleus. HPVs infect keratinocytes in the basal layers of stratified epithelia and replicate in infected keratinocytes in a differentiation-dependent manner. Genital HPV infection causes benign or sometimes malignant lesions. Certain types of HPVs, such as high-risk or oncogenic HPV type 16 (HPV16), HPV18, and HPV31, are frequently detected in cervical and other genital cancers. A characteristic of infection by these HPVs is that viral genomes are commonly found integrated into the cancer cell genome. Other types of HPVs, such as low-risk or nononcogenic HPV6 and HPV11, which induce benign genital warts, are very rarely found in genital malignancies (42) .
High-risk HPV E6 and E7, the two viral oncoproteins, appear to be most important for malignant conversion, as demonstrated by their capacity to immortalize and transform keratinocytes and epithelial cells. Low-risk HPV E6 and E7, however, lack such biological activity (1, 26, 41, 47, 55, 60, 69) . Biochemically, high-risk E6 but not low-risk E6 interacts with E6AP and tumor suppressor protein p53 to induce the ubiquitination-mediated degradation of p53 (27, 59, 74) , while high-risk E7 but not low-risk E7 interacts with tumor suppressor protein pRb to promote cell cycle progression (5, 13, 18, 59, 74) . Thus, interactions with cellular tumor suppressor proteins and perturbation of normal cell cycle control by high-risk E6 and E7 are believed to be the most important influences for malignant conversion (43, 45, 68) . In this regard, HPV16 E6 (16E6) binds E6AP more strongly and drives the degradation of p53 more efficiently than HPV18 E6 (18E6) (59) . In contrast, HPV11 E6 (11E6) has minimal binding affinity for E6AP (28) and influences the degradation of p53 in vivo only weakly (70) .
Full-length 16E6 is translated from a single bicistronic E6E7 mRNA without splicing of an intron within the E6 coding region, although spliced 16E6*I and 16E6*II mRNAs frequently exist and encode 16E6*I and 16E6*II proteins having the same N-terminal 41-or 48-amino-acid (aa) residues as those seen in the full-length 16E6 protein. Full-length 16E6 is a basic protein (ϳ18 kDa) composed of either 151 or 158 aa residues, depending on which one of the two juxtaposed AUGs is used as a start codon (48) . Among its 151 residues, 31 (21%) are basic in nature; this percentage is higher than those for most proteins, which contain only 14% basic residues (44) . Like E6 proteins encoded by other papillomaviruses, 16E6 contains four zinc-binding motifs, Cys-X-X-Cys, and forms two Cys-Cys fingers that bind zinc directly (30) . These features of 16E6 catagorize it as a nucleophilic protein, like nuclear proteins in general. Besides the ability to immortalize and transform cells and induce p53 degradation, 16E6 is known to be functionally involved in the regulation of gene transcription (10, 12) . In addition to p53, 16E6 can interact with other transcription factors and coactivators, including p300/CBP (52, 78) , , and c-Myc (22) . The multifunctional activity of 16E6 is not restricted to the nucleus, as this protein can act as a regulator of signal transduction through interactions with cytoplasmic E6BP (Erc55) (7), E6TP (16, 17, 63) , paxillin (72) , tumor necrosis factor receptor 1 (14) , and PSD-95, Dlg, Zona occludens-1 proteins, such as hDlg (32, 37) . Therefore, 16E6 can be regarded as a multifaceted viral protein with characteristic and distinct activities in the nucleus and cytoplasm of HPV16-infected cells. In contrast, the biological functions of 16E6*I and 16E6*II remain to be defined, although 18E6*I can antagonize the activity of full-length 18E6 (53, 54) .
Consistent with the known biological activities and structural features of 16E6, full-length 16E6 has been identified as a nuclear protein by immunofluorescence staining (30, 62) . Attempts to discern how 16E6 is directed to the nucleus have provided uncertain evidence due to a lack of both extensive analysis and availability of reliable anti-16E6 antibodies. Cys-66, but not Cys-136, of 16E6 was initially identified as being essential for the presence of E6 in the nucleus; therefore, the N-terminal zinc finger was proposed to be involved in the nuclear localization of E6 (30) . However, later studies demonstrated that the C terminus of 16E6, between residues 120 and 151, harbored a nuclear localization signal (NLS), as deletion of this region could abolish nuclear staining (62) . More controversially, 16E6 also has been shown by immunofluorescence to colocalize with p53 in the cytoplasm in cervical cancerderived CaSki and SiHa cells (40) . This observation contrasts sharply with the finding that 18E6 colocalizes with p53 in the nucleus in transformed and nontransformed epithelial cells (36) . Consequently, we believe that the subcellular distribution of 16E6 remains unresolved.
The lack of conclusive evidence for the cellular distribution of 16E6 and the fact that many uncertainties underlie previously published observations led us to study the molecular details of 16E6 in an attempt to determine whether a more defined NLS prompts 16E6 to enter the nucleus. We took advantage of green fluorescent protein (GFP) fusion technology to develop a strategy that would allow us to limit the splicing of HPV16 E6E7 (16E6E7) pre-mRNA and thereby to produce predominantly full-length E6 in living cells. GFP is a convenient, genetically encoded intrinsic fluorescent molecular label that has been widely and successfully used to study protein distribution in living cells (6, 73) . In this report, we examined in detail the sequence of 16E6 and identified three novel NLS sequences (NLS1, NLS2, and NLS3) in 16E6 that are responsible for its nuclear localization. The presence of defined NLS sequences in 16E6 provides conclusive evidence that it localizes to the nucleus in living cells, where it may play important roles in the induction of cell immortalization and transformation during HPV16 infection.
MATERIALS AND METHODS

Construction of expression vectors.
Mammalian expression vectors pEGFP-C1 and pEGFP-N1 were purchased from Clontech (Palo Alto, Calif.). HPV6b E6E7 (6E6E7) (nucleotides [nt] 85 to 939), HPV11 E6E7 (11E6E7) (nt 85 to 924), HPV18 E6E7 (18E6E7) (nt 103 to 967), 16E6E7 (nt 81 to 880), 16E6 (nt 81 or 101 to 559), and HPV16 E7 (16E7) (nt 560 to 880) were amplified by PCR from individual HPV DNAs provided by E.-M. de Villiers and then cloned in frame in the C terminus of GFP at the XhoI and Asp718 sites of the polylinker region of expression vector pEGFP-C1, producing plasmids pZMZ66 (6E6E7), pZMZ67 (11E6E7), pZMZ69 (18E6E7), pZMZ70 (16E6E7), pZMZ73 (158-aa 16E6), pTMF36 (151-aa 16E6), and pZMZ74 (16E7). 16E6E7 (nt 81 to 880) or 16E6 (nt 81 to 559) with a mutation at the nt 226 5Ј splice site (GU to GG), introduced by overlapping PCR, was constructed in frame in the C terminus of GFP and led to the generation of plasmid pZMZ81 or pZMZ82, respectively. The single nucleotide mutation at the nt 226 5Ј splice site of 16E6E7 converts a GUA codon for valine in 16E6 to a GGA codon for glycine. The 16E6E7 or 16E6 coding region was also inserted in the N terminus of GFP, creating plasmids pWX1 (16E6E7, nt 81 to 880), pTMF1 (16E6E7, nt 81 to 880), and pZMZ79 (16E6, nt 81 to 559). Plasmid pTMF1 has a mutation at the nt 226 5Ј splice site (GU to GG) in the E6 coding region. In addition, 16E6*I and 16E6*II cDNAs derived from CaSki cells were also inserted in the C terminus of GFP, resulting in plasmids pZMZ71 (16E6*I, nt 81 to 559) and pZMZ72 (16E6*II, nt 81 to 559), which lack coding sequences from nt 227 to nt 408 (16E6*I) and from nt 227 to nt 525 (16E6*II), respectively, in the E6 coding region due to alternative splicing of the pre-mRNAs.
All plasmids expressing N-terminal or C-terminal deletions of 16E6 (see Fig.  5 ) were also prepared by PCR from plasmid pZMZ81 and inserted in frame in the same polylinker region of vector pEGFP-C1. Plasmid pTMF15 (151 aa with V42G), derived from plasmid pZMZ81, has a 16E6 coding region (nt 101 to 559) for encoding 16E6 with 151 aa residues using the second AUG as the only start codon. Plasmid pTMF13 (⌬N6) has a deletion of aa 1 to 6 in 151-aa 16E6, pTMF14 (⌬N13) has a deletion of aa 1 to 13, pTMF16 (⌬N30) has a deletion of aa 1 to 30, pTMF19 (⌬N43) has a deletion of aa 1 to 43, pTMF17 (⌬N56) has a deletion of aa 1 to 56, pTMF20 (⌬N74) has a deletion of aa 1 to 74, pTMF21 (⌬N30ϩ⌬C130) has deletions of aa 1 to 30 and aa 130 to 151, and pTMF22 (⌬N30ϩ⌬C112) has deletions of aa 1 to 30 and aa 112 to 151.
To create point mutations in 16E6 NLS1, NLS2, and NLS3 or to introduce 16E6 NLS sequences into HPV6b E6 (6E6), various overlapping PCRs were conducted and the resultant amplified PCR fragments containing the expected mutations were cloned into vector pEGFP-C1 as described above. All of the desired mutations in the plasmids were then confirmed by sequencing. In this regard, plasmids pTMF34 and pTMF35 (with mutated NLS1) were derived, respectively, from pZMZ71 and pZMZ72, and plasmids pTMF23 (with mutated NLS2) and pTMF24 (with mutated NLS3) were derived, respectively, from pTMF17 and pTMF21. Plasmid pTMF26 with both mutated NLS2 and mutated NLS3 in truncated 16E6 was derived from pTMF23.
Plasmids pTMF30 (158 aa) and pTMF32 (151 aa) had mutations in both NLS2 and NLS3 of full-length 16E6. Plasmids pTMF44 (151 aa), pTMF45 (151 aa), and pTMF33 (151 aa) encoded full-length 16E6 with mutant NLS1 plus mutant NLS2, mutant NLS1 plus mutant NLS3, and all three mutant NLSs, respectively.
Various plasmids were constructed to contain an insert of 16E6 NLS1 (pTMF38), NLS2 (pTMF27), or NLS3 (pTMF29) only or combined inserts of NLS1 plus NLS2 (pTMF39), NLS1 plus NLS3 (pTMF40), or NLS2 plus NLS3 (pTMF28) in 6E6. All of the plasmids were derived from plasmid pZMZ66 and were designed to express chimeric 6E6-16E6 NLS protein.
Cells and transfection. 293 (human), HaCaT (human), and COS-1 (monkey) cells were seeded on glass coverslips in 60-mm-diameter dishes and grown in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum. Lipofectamine 2000 (Invitrogen, Carlsbad, Calif.) was used to transfect 2 g of vector DNA into cells by following the recommendations of the manufacturer.
Reverse transcription (RT)-PCR analysis of spliced 16E6E7 mRNAs. Total cell RNA was extracted from 293 cells at 24 h after transfection by using TRIzol(Invitrogen) as recommended by the manufacturer. Following RNasefree DNase I digestion, 500 ng of total cell RNA was reverse transcribed at 42°C with random hexamers as primers and then amplified for 35 cycles with primers Pr106 (Ј-GTTTCAGGACCCACAGGAGC-3Ј) and Pr559 (Ј-CACTGAGGTAC C/TTACAGCTGGGTTTCTCTACG-3Ј).
Western blotting analysis. COS-1 cells at 24 h after transfection with various plasmids (4 g) were lysed directly with sodium dodecyl sulfate (SDS) sample buffer. Western blot analysis was performed as described previously (76) with an enhanced chemiluminescence (ECL) Western blotting detection system (Amersham) and monoclonal anti-GFP antibody (Zymed Laboratories, Inc., South San Francisco, Calif.).
Cell immortalization and p53 degradation. 16E6 or chimeric GFP-16E6-6E6, including the mutant forms described above, was introduced into human mammary epithelial cell line 76N (MECs) by either transient transfection with retroviral vector pLXSN or infection with high-titer viruses obtained from transiently transfected packaging cell line LinX-A (25) . Immortal MECs were selected in D2 medium containing G418 (2) for at least 1 month. For studies of E6-mediated p53 degradation, plasmids expressing 16E6 with various NLS mutants or 6E6 with the 16E6 NLS replacement (see Fig. 8 ) were cloned into pcDNA3.1 or pSP65. E6 proteins and p53 were expressed by using in vitro transcription-translation conducted with a rabbit reticulocyte lysate (Promega) in the presence of [ 35 S]methionine. Degradation of 35 S-labeled p53 by E6 proteins was monitored by immunoprecipitation of p53 products with polyclonal anti-p53 antibody as described previously (41) .
Live-cell imaging by fluorescence microscopy. After transfection, the expression of GFP fusions was monitored first with an Olympus IX70 microscope equipped with a fluorescence observation attachment. To count cell fluorescence distribution, 100 cells were examined for each plasmid (pZMZ66, pZMZ67, pZMZ69,and pZMZ70) from ϳ20 random fields viewed through the Zeiss Axioplan 2 wide-field epifluorescence microscope.
RESULTS
Prevention of 16E6 pre-mRNA from splicing in vivo to express full-length E6 protein. 16E6 and 16E7 in cervical cancer tissues or in cervical cancer-derived cell lines were expressed as a single bicistronic pre-mRNA transcript from the same promoter, p97 (67) . The bicistronic 16E6E7 pre-mRNA has an intron in the E6 coding region with one 5Ј splice site and two 3Ј splice sites at nt 409 and 526, respectively, in the virus genome, producing the 16E6*I and 16E6*II mRNAs (66) . Full-length unspliced E6 mRNA is considered to be a result of intron escape and is responsible for translation of the oncogenic E6 protein. Thus, it is necessary to prevent 16E6E7 pre-mRNA from splicing in order to study the cellular localization and function of the full-length E6 protein. To satisfy this criterion, the 16E6E7 coding regions were inserted in the C terminus of GFP (pZMZ70) in mammalian expression vector pEGFP-C1 (the 16E6E7-C1 vector). This approach provided full-length unspliced E6E7 mRNA to be adequately expressed in vector-transfected cells, as shown in Fig. 1B ). Although the E6 pre-mRNA was partially spliced when expressed from the corresponding 16E6-C1 vector (Fig. 1B, lane 4) , it was distinguishable from the pre-mRNA that came from its counterpart, the 16E6-N1 vector (Fig. 1B, lane 2) . When a mutant nt 226 5Ј splice site (GU to GG) was introduced into those same vectors, none of the mRNAs expressed was spliced (Fig. 1B, lanes 6 and 11) . Collectively, these data indicate that the 16E6E7-C1 or 16E6-C1 construct provided GFP-tagged E6 from unspliced, full-length mRNA.
Cellular distributions of low-risk and high-risk HPV E6 proteins. Next, we wished to compare the cellular distributions of high-risk and low-risk HPV E6 proteins. Viral E6E7 coding regions were inserted in the C terminus of vector pEGFP-C1, allowing E6 proteins from different HPVs to be expressed as GFP-E6 fusion proteins. GFP alone, when expressed in COS-1 cells, exhibited a diffuse signal, being present in both the nucleus and the cytoplasm ( Fig. 2A) . GFP-E6 from low-risk HPV6 and HPV11 expressed as a full-length fusion protein ( Fig. 2C ) at low and moderate levels (empirically determined) exhibited a predominantly cytoplasmic distribution, with a weak signal in the nucleus ( Fig. 2A) , in 76% of the cells for 6E6 and in 93% for 11E6. At higher expression levels, low-risk 6E6 again localized predominantly in the cytoplasm; however, variably sized fluorescent aggregates had a tendency to form in about 24% of the cells (data not shown). It is unclear what the basis is for the aggregate formation by 6E6, but since the aggregates were present in cells with higher levels of expression, we chose to focus on cells with low to moderate levels of expression, which we believe are more representative of E6 protein levels that would be expressed in an endogenous system. Nonetheless, both low-risk 6E6 and 11E6 proteins localized to the cytoplasm in mammalian cells. In contrast, high-risk 16E6 and 18E6 proteins, regardless of whether they were expressed from vectors encoding E6E7 or E6 alone (16E6 only), were found in the nucleus in 99% (16E6) or 98% (18E6) of the cells, with very little fluorescence signal in the cytoplasm ( Fig.  2A and B) . Interestingly, 16E6, but not 18E6, was also found in the cell nucleolus. The subcellular distribution pattern of 16E6 truly represented full-length 16E6, since localization to the nucleus was seen when 16E6 was expressed from either the 16E6E7 or the 16E6 coding region containing a mutant 5Ј splice site and the 16E6 protein was distinguishable from the 16E6*I and 16E*II proteins expressed from the spliced E6 mRNA. Full-length 16E6 and 18E6 expressed from unspliced mRNAs were also verified by Western blotting analysis (Fig.  2C, lanes 4, 5, and 8) .
Analysis of relative fluorescence signal intensities, measured from line profiles drawn across individual cells, including the nucleoplasm and nucleoli, showed that 16E6 not only was uniformly distributed in the nucleus but also accumulated in the nucleolus to a greater degree than 16E6*I and 16E6*II, which did not accumulate in nucleoli (Fig. 2B and data not shown). Both 16E6*I and 16E*II were distributed predominantly within the nucleus, with perhaps a higher cytoplasmic signal than that observed for 16E6. Although this difference in subcellular distributions is subtle, the difference in subnuclear distributions is more striking, with 16E6*I and 16E6*II clearly being excluded from nucleoli (Fig. 2B) . The cellular distributions of 16E6*I and 16E6*II also resembled that of 16E7, with 16E7 displaying a higher signal in the cytoplasm than in the nucleus (Fig. 2B) . These findings are consistent with 16E7 being reported as a nuclear protein (20, 65) . Overall, in COS-1 cells, high-risk, full-length E6 proteins are distributed predominantly in the nucleus, whereas low-risk, full-length E6 proteins are localized in the cytoplasm.
Several additional cell lines, including 293, HaCaT, and 3T3, were used to study E6 expression. The cellular distributions of high-risk and low-risk E6 proteins in 293 and HaCaT cells were similar to those observed in COS-1 cells (Fig. 3) . HaCaT cells displayed very low transfection and protein expression efficiencies compared to COS-1 and 293 cells; consequently, COS-1 and 293 cells were used predominantly in our studies. The subcellular distributions of 16E6 and 18E6 in mouse 3T3 cells also appeared to be similar to those observed in the other three cell types, except that 16E6 did not accumulate in the nucleoli of 3T3 cells (data not shown). Thus, the difference in the cellular distributions of high-risk and low-risk E6 proteins in- dicates that there are differences in protein sequence that may be associated with cellular compartmentalization.
The N-terminal region of 16E6 contains an NLS. Considering that both 16E6*I and 16E6*II accumulate within the nucleus (Fig. 2B) and both have the same N-terminal 41 aa residues as the full-length 16E6 protein, we suspected that an NLS sequence resided in this region. Analysis of amino acid residues in this region of the 16E6 protein revealed a putative NLS motif, RPRK (aa 8 to 11), which contains several basic residues (in bold type). The putative NLS motif appears to exist only in oncogenic E6 proteins from high-risk HPVs and not low-risk HPV6 and HPV11 (see Fig. 10 ). Functional characterization of this putative NLS was approached by introducing point mutations. Conversion of R to G or K to E in the putative NLS effectively disrupted the nuclear localization of the E6* proteins (Fig. 4) . Thus, the basic residues in this N-terminal NLS are responsible for the accumulation of 16E6*I and 16E6*II in the nucleus. We designate this sequence NLS1.
Mapping of two other NLSs in 16E6 by deletion analysis. The coding region of 16E6 has tandem AUG sequences, the second of which is presumably the usual start codon, resulting in a 16E6 protein with 151 residues (48) . To determine whether particular motifs in other parts of 16E6 are responsible for the nuclear localization of the protein, we constructed a 16E6 sequence with 151 aa residues and a series of 16E6 deletion mutants that were linked in frame to the C terminus of GFP. As a result of the lack of a precisely defined NLS in earlier literature, we made successive deletions in 151-aa 16E6, beginning at the N terminus and progressing to the C terminus. Additional mutants that contained both N-terminal and Cterminal deletions were constructed. All mutants with deletions were transfected into COS-1 cells; the expression of these mutant proteins was examined, and their intracellular distributions were documented. As shown in Fig. 5 , both 158-and 151-aa forms of full-length 16E6 localized predominantly in the nucleoplasm and even in nucleoli, with little fluorescence signal observed in the cytoplasm. The same was true for fulllength 151-aa 16E6 having a V-to-G mutation at residue 42. Mutant ⌬N6 and even mutant ⌬N13, which lacked the Nterminal NLS, as described above, exhibited some E6 signal in the cytoplasm but, like full-length E6, displayed predominantly a nuclear localization pattern, indicating that other NLSs must exist in downstream regions. The distributions of three shorter truncation mutants, ⌬N30, ⌬N43, and ⌬N56, were almost completely restricted to the nucleoplasm, with some accumulation in nucleoli and, to a much lower extent, in the cytoplasm.
Interestingly, further truncation to residue 75, as represented by ⌬N74, resulted in the protein being distributed equally throughout the cells, indicating that the region of residues 57 to 74 most likely contains an NLS sequence.
Deletion of the first 30 N-terminal residues from 16E6 (⌬N30) had no effect on the distribution of 16E6 in the nucleus; therefore, this mutant was used for the C-terminal truncation analysis. As shown in Fig. 5, mutant ⌬N30ϩ⌬C130 has an additional deletion of 21 C-terminal residues. When expressed in COS-1 cells, the truncated E6 protein localized predominantly to the nucleus, with some signal in the cytoplasm, indicating that the region between residues 130 and 151 might include weak nuclear localization activity (62) 
The same sets of plasmids, containing various truncations, were also expressed in parallel in 293 cells, and the mutant forms of 16E6 showed the same distribution patterns as those described for COS-1 cells (data not shown). Overall, the expression of the different truncation mutants indicates that there are at least two other NLS sequences in the full-length high-risk 16E6 protein.
Nuclear retention of truncated 16E6 depends on intact NLS sequences.
Having demonstrated that two regions, aa 57 to 74 and aa 112 to 129, are involved in the accumulation of truncated 16E6 within the nucleus, we wished to determine whether the two regions represent sufficient and active NLS sequences. We also sought to better define the residues responsible for nuclear localization. Analysis of the amino acid compositions within the two regions revealed that the region from aa 57 to 74 has a motif composed of 8 residues, KCLKFYSK (aa 65 to 72), with three lysine (K) residues separated by weak or nonpolar residues, whereas the region from aa 112 to 129 has a motif consisting of 10 residues, KQRHLDKKQR (aa 115 to 124), enriched with 6 basic residues. Collectively, the features of these two motifs, containing multiple basic residues, and the fact that their deletion influences the subcellular distribution of 16E6 make the two motifs reminiscent of NLS sequences present in several other papillomavirus proteins (Table 1 ) and other, nonpapillomavirus proteins (4, 49). Thus, we designate these two 16E6 putative NLS motifs NLS2 (KCLKFYSK) and NLS3 (KQRHLDKKQR).
To precisely define the functions of the two NLS motifs, several point mutations were introduced into each NLS. Acidic presented. (A) Localization of 6E6, 11E6, 16E6, and 18E6 translated from the inserted E6E7 coding region in COS-1 cells. 16E6 mt 5Ј ss indicates the plasmid containing the 16E6E7 coding region but having a mutant 5Ј splice site at nt 226 position (GU to GG), used as a transfection control for full-length 16E6, since this mutation blocks the splicing of the E6E7 pre-mRNA. The single nucleotide mutation in the 5Ј splice site of 16E6E7 converts a GUA codon for valine in 16E6 to a GGA codon for glycine. (B) Localization of various 16E6 proteins translated from the inserted E6 coding region and E6*I or E6*II cDNA. 16E7 protein translated from plasmid pZMZ74 was used for comparison. ϩ or Ϫ indicates the presence or absence of cytoplasmic (C), nuclear (N), or nucleolar (No) localization of GFP fusions. Scale bars, ϳ8 m. (C) Western blotting analysis of GFP-E6 or GFP-E7 fusions expressed from pEGFP-C1 vectors. As shown in panels A and B, all GFP fusions except for mutant E6 were included for comparison of the expected full-length E6 or E7 protein, even through the 6E6 and 11E6 coding regions do not have an intron. GFP-16E6 in lane 5, encoded from a plasmid with the 16E6E7 coding region, was included for comparison with GFP-16E6 in lane 8, encoded from a plasmid with the 16E6 coding region. Protein samples prepared from COS-1 cells transfected with the various plasmids were resolved on an SDS-12% polyacrylamide gel and blotted with anti-GFP antibody. GFP and its derived fusions are indicated above the lanes. Prestained protein markers (Bio-Rad) in kilodaltons are shown at the left.
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on February 22, 2013 by PENN STATE UNIV http://jvi.asm.org/ amino acid residues were substituted for the endogenous basic amino acid residues as shown in Fig. 6 . Two mutants, ⌬N56 and ⌬N30ϩ⌬C130, were chosen for introducing point mutations because they were the shortest E6 truncated proteins containing both putative NLS motifs (Fig. 5 ) and localized mainly in the nucleus. As shown in Fig. 6 , point mutations of NLS2 or NLS3 alone in truncated 16E6 impaired but did not eliminate the ability of the fusion proteins to accumulate within the nucleus of COS-1 cells. Fusion proteins containing point mutations of either NLS still displayed a substantial presence in the nucleus, although with a more noticeable fluorescence signal present in the cytoplasm. Subsequent mutations of both NLS motifs completely abolished the ability of the truncated protein to accumulate in the nucleus, as observed by the exclusively cytoplasmic distribution of truncated 16E6-GFP. A parallel experiment was also conducted with 293 cells, and the results were consistent with the observations made with COS-1 cells (data not shown). Based on these results, we conclude that the two putative NLS motifs, NLS2 and NLS3, in truncated 16E6 are functional NLS sequences re- FIG. 3 . Cellular localizations of low-risk and high-risk HPV E6 in 293 and HaCaT cells. Each fluorescence image was captured at 6 (6E6 and 11E6) or 24 h after transfection of plasmids as described in the legend to Fig. 2 . 16E6 mt 5Ј ss indicates the plasmid (pZMZ81) containing the 16E6E7 coding region but having a mutant 5Ј splice site at nt 226 position (GU to GG), used as a transfection control for full-length 16E6 as described in the legend to Fig. 2A. Scale bar, ϳ8 m. 
FIG. 4.
Point mutational analysis of a putative N-terminal NLS in 16E6 protein. 16E6*I and 16E6*II proteins were chosen for the assay because they have the same N-terminal 41 aa residues as the fulllength 16E6 protein and could simplify the assay. The basic residues in the putative NLS were mutated to G or E residues, as indicated by arrows at the top. DIC, differential interference contrast; wt, wild type; mt, mutant. Scale bar, ϳ8 m.
sponsible for the nuclear localization of the protein in a complementary fashion.
Nuclear localization of full-length 16E6 can be altered by combinational NLS mutations. Having identified three NLS sequences separately in truncated 16E6 and in 16E6*I and 16E6*II, we next wished to examine the potential of these NLS sequences to localize full-length 16E6 to the nucleus. Combinational mutations of the NLS sequences were chosen because individual NLS mutations in truncated E6 proteins did not exclude the protein completely from the nucleus and thus would not provide a distinguishable cytoplasmic distribution of mutant full-length 16E6. As shown in Fig. 7 , mutations of all basic residues in the two NLS sequences (mutant NLS1 plus mutant NLS2 or mutant NLS1 plus mutant NLS3) or in the three NLS sequences effectively made the subcellular distribution of the full-length 16E6-GFP fusion indistinguishable from that of GFP alone (cf. Fig. 7 and Fig. 2A) . However, the distributions of both 151-and 158-aa forms of full-length 16E6 with wild-type NLS1 but mutant NLS2 and mutant NLS3 resembled those of 16E6*I and 16E6*II (cf. Fig. 7 and Fig. 2B  and 4) . These results demonstrated that the three NLS sequences identified in truncated 16E6 function in localizing the full-length 16E6 protein to the nucleus.
16E6 NLS sequences promote the nuclear localization of normally cytoplasmic 6E6. When the sequence of 16E6 is compared to that of 6E6, it becomes apparent that the two proteins are highly divergent in the regions corresponding to 16E6 NLS1 and NLS2, in particular, the basic amino acid content. Previous results outlined in Fig. 2 and 3 demonstrated that low-risk 6E6 and 11E6 are cytoplasmic proteins. We wished to determine whether the 16E6 NLS motifs could also function in a cytoplasmic protein and lead to the accumulation FIG. 5 . Mapping of NLSs in 16E6 in COS-1 cells. Three versions (158 aa, 151 aa, and 151 aa with V42G) of full-length 16E6 were compared for their subcellular localizations. The 151-aa version with V42G was similar to wild-type 151-aa 16E6 except for a V-to-G mutation at residue 42 due to an nt 226 5Ј splice site mutation (GU to GG). 16E6 was truncated either from the N terminus to the C terminus or from the C terminus to the N terminus. The truncated E6-GFP fusions were expressed in COS-1 cells transfected with plasmids and imaged at 24 h after transfection. Numbers at the ends of the lines are positions of the first and last residues of the protein. DIC, differential interference contrast; wt, wild type. Scale bars, ϳ8 m.
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of a normally cytoplasmic protein within the nucleus. The 6E6 protein was chosen for this assay, and the corresponding regions in the 6E6 sequence were replaced with 16E6 NLS1, NLS2, and NLS3. When expressed in COS-1 cells, the chimeric 6E6 protein containing either 16E6 NLS1 or 16E6 NLS2 alone was directed to the nucleus, but only partially (Fig. 8) . Notably, 16E6 NLS2 provided 6E6 with a much stronger nuclear signal than did 16E6 NLS1. In contrast, 16E6 NLS3 by itself could not enhance the accumulation of 6E6 in the nucleus. However, when combined with NLS1 or NLS2, NLS3 could promote the conversion of 6E6 by NLS1 or NLS2 into a protein with a stronger nuclear signal, as did NLS1 when combined with NLS2. In this regard, NLS2 combined with NLS3 could convert 6E6 into a predominantly nuclear, even nucleolar, protein. All chimeric 6E6-16E6 proteins expressed in 293 cells (data not shown) showed the same distribution patterns as those seen in COS-1 cells. We conclude that the newly identified 16E6 NLS motifs promote the nuclear localization of a cytoplasmic protein. 16E6 NLS sequences are important but not sufficient for cell immortalization and p53 degradation. We next examined whether the 16E6 NLS sequences are necessary for human MEC immortalization. Because wild-type16E6 with the GFP tag was unable to immortalize these cells, we tested mutants with and without the GFP moiety in animmortalization assay (Fig. 9) . Only wild-type 16E6 was immortalization competent. In addition, the 6E6 mutant with 16E6 NLS2 and NLS3 in the corresponding regions was also unable to induce immortalization. We also assayed these mutants for the ability to degrade p53 in vitro, an activity which would bypass the reliance on a subcellular localization. Introduction of mutations into the 16E6 NLS sequences was found to abolish the degradation of p53 by 16E6, but the influence of individual NLS sequences was not directly related to the degradation of p53 in vitro. 16E6 with intact NLS1 but defective NLS2 and NLS3 retained the ability to stimulate the degradation of p53. All other 16E6 mutants and the 6E6 mutant with NLS2 and NLS3 or all three NLS sequences from 16E6 were unable to induce p53 degradation (Fig. 9) . While all mutations of NLS1 failed to lead to p53 degradation, the finding that 16E6*I and 6E6*II, bearing only NLS1, were unable to induce the degradation of p53 in vitro demonstrates that the NLS1 region is not sufficient for p53 degradation. Taken together, these results indicatethat 16E6 NLS sequences are important but not sufficient for cell immortalization or p53 degradation.
DISCUSSION
In this report, we used a mammalian GFP expression system to express full-length 16E6 protein with the minimal production of other, truncated 16E6*I and 16E6*II proteins arising from 16E6 mRNA splicing. Using this strategy, we identified three distinct NLS motifs in 16E6 by three approaches. First, the expression of GFP-16E6 demonstrated a predominantly nuclear localization of the fusion protein which was directed by three NLS coding regions present in the 16E6 gene. Second, point mutations in the identified NLS regions of 16E6 resulted in cytoplasmic retention of the fusion protein. Third, the newly identified 16E6 NLS motifs, when inserted into the corresponding regions of 6E6, could promote the nuclear accumu- b HPV16 E7 has no obvious NLS, and the mechanism by which wild-type E7 is targeted to the nucleus is unknown. The sequence presented here was suggested by deletion mutation analysis (15) .
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FIG. 6.
Mutational analysis of 16E6 NLS2 and NLS3 motifs in truncated 16E6 in COS-1 cells. The images were captured from cells expressing truncated 16E6, ⌬N30ϩ⌬C130, and ⌬N56, with or without mutations in NLS2, NLS3, or both, at 24 h after transfection. The basic residues in the two NLS motifs were mutated to acidic residues, as indicated by arrows at the top. DIC, differential interference contrast; wt, wild type; mt, mutant. Scale bar, ϳ8 m. As determined by sequence analysis, the three NLS motifs identified appear to be conserved in the corresponding regions of other high-risk E6 proteins, but only a putative NLS3 motif can be found in low-risk E6 proteins (Fig. 10) . Intracellular communication between the nucleus and the cytoplasm occurs through nuclear pore complexes (NPCs) present in the nuclear envelope. NPCs allow passive diffusion of molecules smaller than 40 to 60 kDa (up to 9 nm in diameter) between the nucleus and the cytoplasm (58, 75) . The uniform cellular distribution, both cytoplasmic and nuclear, of GFP (approximately 27 kDa by calculation and approximately 35 kDa in our Western blotting studies) can be accounted for as a consequence of passive diffusion and has been well documented in the literature (6, 73) . However, larger macromolecules, and even some proteins or RNAs smaller than 20 to 30 kDa, such as histones and tRNA (29) , must be transported actively in a multistep manner through NPCs, usually involving proteins containing at least one NLS, via NLS-mediated import machinery. All of our chimeric GFP-E6 or GFP-E7 fusions (ϳ50 kDa) are at the threshold of the NPC transport limit and may or may not enter the nucleus by passive diffusion, depending on the features of the individual protein. 6E6 and 11E6 demonstrated a preference for distribution to the cytoplasm, whereas 16E6, 16E7, and 18E6 localized predominantly to the nucleus, even nucleoli (16E6). Our demonstration that 16E6 contains three NLS sequences provides conclusive evidence that an active import machinery mediates the nuclear import of 16E6. While we were preparing this article, Le Roux and Moroianu reported that the nuclear entry of high-risk 16E6, mediated by part of NLS3, as described in this study, could occur through several pathways (39) .
To examine the subcellular localizations of E6 proteins, our experiments included the use of vectors that are prone to overexpressing GFP-tagged proteins. Being aware of potential overexpression artifacts, we examined the cellular distributions of E6 proteins with low and high expression levels at either 6 or 24 h posttransfection in the same and different cell lines. Except for 6E6, all other E6 fusion proteins exhibited similar distribution patterns at both low and high expression levels. The 6E6 protein was found to localize predominantly in the cytoplasm, with some nuclear signal, in cells with low to moderate levels of expression but shifted to an exclusively cytoplasmic localization, with the presence of aggregates, in cells with higher levels of expression. Larger proportions of cells with low to moderate levels of expression were observed at 6 h after transfection, while at 24 h after transfection, most cells were expressing 6E6 at high levels. At present, we do not know what causes 6E6 aggregation in the cytoplasm. Nonetheless, the low-risk 6E6 and 11E6 proteins displayed a predominantly cytoplasmic distribution in all cell lines tested. This finding is in contrast with a report on the nuclear localization of hemagglutinin (HA)-tagged 11E6 expressed in U2OS and HaCaT cells (23) . We do not have an explanation for this discrepancy. FIG. 8 . Conversion of a cytoplasmic 6E6 protein into a nuclear protein by 16E6 NLS motifs. The corresponding 16E6 NLS regions in 6E6 were replaced with individual 16E6 NLS motifs. The cellular distribution of the chimeric E6 protein with one or two 16E6 NLS motifs in COS-1 cells was imaged at 6 h after transfection. Arrows are as described in the legends to Fig. 4 and 6 . DIC, differential interference contrast; WT, wild type. Scale bar, ϳ8 m.
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Our results indicate that the lack of efficient NLS1 and NLS2 in the 6E6 and 11E6 proteins is probably the main reason for the cytoplasmic retention of these proteins. The cellular distribution of 18E6 is very similar to that of 16E6 with regard to predominant localization in the nucleus but differs from that of 16E6 with regard to a much lower protein signal in the nucleolus. 18E6 has been described as a nuclear protein (36) , consistent with our observation of a nuclear localization in living cells (Fig. 2A) . However, the finding by us and others that 18E6 is a nuclear protein is in contrast to the results of a study with HA-tagged 18E6, in which 18E6 was observed to be cytoplasmic (23) . It is unclear whether the cytoplasmic HA-tagged 18E6 protein described in that study (23) was truely representative of full-length 18E6 from unspliced 18E6 RNA. We have observed that 18E6 RNA is expressed mainly as 18E6*I (Z.-M. Zheng, et al., unpublished data).
It remains unknown why 16E6 should have more than two NLS motifs for specifying its nuclear localization and what cellular factors of the nucleocytoplasmic transport machinery, especially members of the importin family (33) , are involved in the transport of 16E6 to the nucleus. For a classical, single-NLS-containing protein such as simian virus 40 large-T antigen, the NLS sequence (PKKKRKV) binds to importin ␣ interacting with importin ␤. The trimeric NLS protein-importin ␣-importin ␤ complex then docks to the cytoplasmic side of the NPC via importin ␤ and follows via translocation to the nuclear side of the NPC (19) . There are many reports of imported nuclear proteins having at least two NLSs. These include polyomavirus large-T antigen (56), influenza virus NS1 (21), bovine papillomavirus E2 (64) , and herpes simplex virus type 1 ␥ 1 34.5 (8) . Further, it has been proposed that two signals may be required for different steps in nuclear import. One signal may mediate an importin-dependent association with the NPC, and the other may subsequently engage the transport machinery to foster translocation (24) . For 16E6, three signals may carry out different functions. One signal may mediate nuclear import, with assistance from another, and the third one may prefer to interact with DNA for nuclear retention of the protein, as the NLS and DNA-or RNA-binding domain in many proteins have been shown to overlap (9, 34) . This assumption is supported by evidence that two NLS sequences work better than a single NLS sequence in E6 nuclear localization ( Fig. 5 and 8) , that a motif similar to 16E6 NLS3 exists in low-risk E6 but does not provide nuclear localization of the protein, and that 16E6 NLS3 by itself in the corresponding region of 6E6 does not convert 6E6 into a nuclear protein but enhances the protein signal in the nucleus when combined with 16E6 NLS1 and/or NLS2.
We used p53 degradation in vitro as a measure of the activities of E6 mutant proteins. Several studies have shown that p53 degradation by E6 is not necessary for MEC immortalization (41) . The mutants constructed in this report were intended to disrupt the NLS and change several amino acids in the peptides. However, this approach may alter other properties of E6. Only one mutant was able to degrade p53 in vitro, and all failed to immortalize MECs. The 16E6 mutant that retained NLS1 and lacked NLS2 and NLS3 retained the ability to induce p53 degradation but did not immortalize MECs. These results suggest that NLS1 is not necessary for epithelial cell immortalization and that the NLS2 and NLS3 mutations inactivate another required function of E6. Introduction of the 16E6 NLS sequences into the corresponding regions of 6E6 did not confer on 6E6 the ability to degrade p53 or to immortalize MECs, indicating that the NLS sequences identified in 16E6 are important but not sufficient for p53 degradation and cell immortalization. In addition, the inability of the GFP-16E6 chimera to immortalize MECs implies that this additional peptide blocked an activity of E6 necessary for immortalization.
Further studies with limited mutations of the NLS sequences to test their effects on E6 biological activities are under way. Several studies have consistently demonstrated that the region of the newly identified NLS3 is also biologically important for 16E6 to function as an oncoprotein. Deletion mutant 16E6⌬118-122 has a partial deletion ( 118 HLDKK 122 ) of NLS3 and leads to a low binding affinity in vitro for p53, E6AP, and E6BP (11, 41, 61) , to impotent induction of telomerase activity and cell immortalization (31) , and to a low capacity to maintain viral episomal DNA replication (51) . 16E6 with an H118D or H118N mutation also showed reduced binding in vitro to E6AP, E6BP, and p53, but 16E6 with an L119R, D120A, or D120T mutation showed no changes in binding (41) . The negative results obtained with the latter three mutants could be a result of such mutations being neutral and thus not disrupting the positively charged residues in NLS3.
In summary, we have identified and characterized three NLS motifs in the 16E6 protein that are responsible for the localization of 16E6 to the nucleus. Our results indicate that NLS1 and NLS2 have a stronger influence than NLS3 for retaining 16E6 in the nucleus. Although the three 16E6 NLS sequences identified play important roles in p53 degradation and cell immortalization, other sequences participating in those activities seem necessary. Given the complexity of the functional motifs present in E6 proteins, the relationship between nuclear localization and viral oncogenesis appears to be attributed to (Fig. 1A) . There are four zinc-binding motifs (grey boxes), Cys-X-X-Cys, that form two hypothetical fingers involving zinc binding (3, 30) . Domains are depicted below the 16E6 diagram. The PSD-95, Dlg, Zona occludens-1 (PDZ)-binding site has the sequence X-(S/T)-X-(V/I/L)-COOH (43, 46 
